Purpose: The objective of the present study was to develop a liposomal drug delivery system based on combretastatin A4 (CA4) prodrugs modified with varying alkyl chains and investigate the in vitro drug conversion from prodrug and in vivo antitumor effect. Methods: The prodrug of CA4 was synthesized with stearyl chloride (18-carbon chain), palmitoyl chloride (16-carbon chain), myristoyl chloride (14-carbon chain), decanoyl chloride (10-carbon chain), and hexanoyl chloride (6-carbon chain) at the 3′-position of the CA4. Subsequently, it was encapsulated with liposomes through the thin-film evaporation method. Furthermore, the characteristics of prodrug-liposome were evaluated using in vitro drug release, conversion, and cytotoxicity assays, as well as in vivo pharmacokinetic, antitumor, and biodistribution studies. Results: The liposome system with loaded CA4 derivatives was successfully developed with nano-size and electronegative particles. The rate of in vitro drug release and conversion was reduced as the fatty acid carbon chain lengthened. On the contrary, in vivo antitumor effects were improved with the enlargement of the fatty acid carbon chain. The results of the in vivo pharmacokinetic and tissue distribution studies indicated that the reduced rate of CA4 release with a long carbon chain could prolong the circulation time and increase the drug concentration in the tumor tissue. Conclusion: These results suggested that the release or hydrolysis of the parent drug from the prodrug was closely related with the in vitro and in vivo properties. The slow drug release of CA4 modified with longer acyl chain could prolong the circulation time and increase the concentration of the drug in the tumor tissue. These effects play a critical role in increasing the antitumor efficacy.
Introduction
Cancer is a multifaceted disease, representing one of the leading causes of diseaseassociated death worldwide. 1, 2 Common characteristics among traditional small molecule anticancer drugs are their poor solubility in aqueous solutions, serious toxicity, and side effects. 3 The "prodrug" strategy was proposed to alleviate or even suppress these drawbacks. Prodrugs are bioreversible derivatives of pharmacologically active agents that can be either chemically or enzymatically degraded into the parent active drug inside the body to elicit its desired pharmacological effect. 4, 5 They have received considerable attention for their ability to improve insufficient solubility and permeability, poor chemical stability, rapid metabolism, low blood-brain barrier
Ideally, the parent drug should be released from the prodrug at the desired anatomical site either by specific enzymes or through chemical methods and maintain the drug concentration within the therapeutic range for the desired duration of time. 10, 11 The druggability of some drugs can be markedly increased after being designed as prodrugs. However, the active parent drugs are usually rapidly released from prodrugs prior to reaching tumor sites, 12 leading to low activity, toxicity, and undesired side effects. 13 Thus, drug release should be considered prior to prodrug design. The aim of this study was to explain the relationship between the release or hydrolysis of the parent drug from the prodrug and its efficacy, pharmacokinetics, and tissue distribution by studying a series of combretastatin A4 (CA4) prodrugs ( Figure 1 ).
CA4 is a novel vascular disrupting agent isolated from the South African shrub Combretum caffrum. It is a cisstyrene compound with a similar structure to colchicine, 14 and similar action target. CA4 can effectively bind at the colchicine site of tubulin and inhibit polymerization, resulting in the arrest of cell proliferation and death. [15] [16] [17] Moreover, CA4 -a promising anticancer drug -shows strong cytotoxicity against a broad spectrum of cancer cell lines, including murine melanoma, human breast carcinoma colon, and ovarian cancer cells. 18 Unfortunately, it is insoluble in water and has low bioavailability, which impairs its antitumor activity and limits its application in the clinical setting. 19 CA4 phosphate (CA4P), the water-soluble prodrug of CA4, was developed to overcome these obstacles. CA4P, which is currently being investigated in phase II/III clinical trials, is clinically more favorable than CA4 owing to its significantly greater solubility in water. 20, 21 However, the short half-life (T 1/2 ) and wide distribution of the prodrug in vivo may influence its therapeutic efficacy and alter blood flow in numerous normal tissues, which can cause undesirable side effects (eg, cardiotoxicity and ataxia) and limit its clinical application. 18, 20, 22 In addition, CA4P readily isomerizes to the more stable trans-isomer which is inactive under external stimuli (eg, heat or light), resulting in complete abolition of cytotoxicity. 23 Lipophilic prodrugs and liposomes are promising strategies for prolonging the effect time in vivo and improving the other shortcomings of CA4. The use of lipophilic prodrugs can improve the absorption, distribution, metabolism, and excretion profiles for parenteral administration; lipophilic therapeutics also exhibit greater half-lives. 9, 24 Liposomes are nano-agents composed of phospholipids with excellent biodegradability, biocompatibility, and low toxicity; they are an ideal carrier system for drug delivery. 25 Especially, liposomes with size ranging from 70 nm to 200 nm are preferentially accumulated in tumors through the enhanced permeability and retention (EPR) effect. 26 Therefore, the liposome is a suitable drug delivery for lipophilic CA4 prodrugs. In this study, we synthesized a series of CA4 prodrugs with fatty chains attached at the 3′-position of the CA4 B-ring varying in length (ie, 6, 10, 14, 16, and 18 carbons) as a model drug, and prepared the prodrugs as liposomes to study the release of the parent drug. To the best of our knowledge, this was the first study to investigate the in vitro release and conversion of CA4-prodrug lipid in plasma with regard to the length of the fatty chain. 24, [27] [28] [29] In addition, the in vitro experiments were designed to investigate the relationship between the release trend and in vivo pharmacokinetics, biodistribution, and antitumor effect. This approach evaluates a suitable preparation for CA4 prodrug and provides a reference for other drugs.
Materials And Methods Materials
CA4 and CA4P were purchased from Hangzhou Rui Shu Biochemical Co., Ltd (Hangzhou, China). Fatty acyl chloride, stearyl chloride, palmitoyl chloride, myristoyl chloride, decanoyl chloride, hexanoyl chloride, and N, N-diisopropylethylamine were purchased from Adamas Reagent Co., Ltd (Shanghai, China). Egg yolk phospholipids (PC-98T) and DSPE-PEG2000 were obtained from Shanghai Advanced Vehicle Technology Pharmaceutical Co., Ltd (Shanghai, China). Cholesterol, potassium dihydrogen phosphate, and sucrose were sourced from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Acetonitrile and methanol were purchased from Merck (Darmstadt, Germany). Dichloromethane and formic acid were provided by Shanghai Titan Scientific Co., Ltd. (Shanghai, China).
Human breast adenocarcinoma MCF-7 cells, mouse sarcoma S180 cells, and human hepatocellular liver carcinoma HepG2 cells were purchased from the Chinese Academy of Sciences Shanghai Institute of Cell Bank (Shanghai, China). Kunming (KM) mice and SpragueDawley (SD) rats were provided by Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China). All animal protocols complied with the Guide for the Care and Use of Laboratory Animals and Institute of Laboratory Animal Resources and were approved by the Institutional Animal Care and Use Committee of Second Military Medical University (Shanghai, China).
Methods
Synthesis And Identification Of CA4 Prodrugs CA4 derivatives were synthesized by conjugating the CA4 with varying fatty acid chains of stearyl chloride (CA4-18, (Z)-2-methoxy-5-(3,4, 5-trimethoxystyryl) phenyl stearate), palmitoyl chloride (CA4-16, (Z)-2-methoxy-5-(3, 4, 5-trimethoxystyryl) phenyl palmitate), myristoyl chloride (CA4-14, (Z)-2-methoxy-5-(3, 4, 5-trimethoxystyryl) phenyl myristate), decanoyl chloride (CA4-10, (Z)-2-methoxy-5-(3, 4, 5-trimethoxystyryl) phenyl decanoate), and hexanoyl chloride (CA4-6, (Z)-2-methoxy-5-(3, 4, 5-trimethoxystyryl) phenyl hexanoate). Acylate CA4 prodrugs were synthesized in a one-step process, in which CA4 was reacted with the acyl chloride using N, N-diisopropylethylamine (DIPEA) as acidbinding agent. The synthetic route of CA4 prodrugs is shown in Figure 2 . Briefly, CA4 (500 mg, 1.58 mmol) was dissolved in anhydrous dichloromethane (20 mL) under stirring in an icewater bath. DIPEA (0.306 mL, 1.75 mmol) was added to the reaction mixture. After the completion of addition, the reaction mixture was stirred for an additional 20 min. The fatty acid chain solution (0.642 mL, 1.90 mmol) was added dropwise to the reaction mixture while maintaining the internal temperature of the reaction mixture between 0°C and 5°C. The reaction mixture was stirred for an additional 15 min at 0°C, followed by stirring at room temperature for another 2 h. The reaction mixture was extracted thrice with ethyl acetate (25 mL). The combined organic extracts were washed with brine (10 mL), dried with anhydrous sodium sulfate, and concentrated under reduced pressure. Subsequently, silica gel (2 g) was added and the solvent was evaporated under reduced pressure. A column with ethyl acetate and methanol (20:1) was used to analyze the yield of the eluted prodrugs. Also, the melting points, nuclear magnetic resonance (NMR) hydrogen spectra, NMR carbon spectra, and mass spectrometry data were analyzed to verify the structures of the prodrugs, and high-performance liquid chromatography (HPLC) was applied to evaluate the purity of the prodrugs.
Preparation Of Liposomes
CA4-18 liposomes (CA4-18-L) were prepared using the conventional thin-film evaporation method. 30, 31 Briefly, CA4-18 (40 mg), PC-98T (200 mg), DSPE-PEG2000 (40 mg), and cholesterol (20 mg) were co-dissolved in 10 mL dichloromethane in a round-bottom flask. Subsequently, the organic solvent was removed from the mixture at reduced pressure and 45°C using a rotatory evaporator to form a thin lipid film. The film was hydrated with 10 mL deionized water at 70°C. The resulting colloidal solution was sonicated for 3 min using a probe ultrasonic processor (JY92-IIN, Xinzhi, Zhejiang, China). The system was filtered through a 0.22 μm membrane to obtain liposomes with uniform particle size, and sucrose (8%) was added into the liposomes to adjust the osmotic pressure. CA4-6 liposomes (CA4-6-L), CA4-10 liposomes (CA4-10-L), CA4-14 liposomes (CA4-14-L), and CA4-16 liposomes (CA4-16-L) were prepared through the same phospholipid composition and method.
Particle Size, Zeta Potential, And Morphology
The particle size and zeta potential of liposomes were measured using Zetasizer Nano-ZS 90 (Malvern Instruments, Malvern, UK) at 25°C. The surface morphology of liposomes was visualized through transmission electron microscopy (JEM-100CXII, Japan). Prior to measurement, the liposomes were diluted 20-fold in distilled water. Data were obtained from triplicate samples.
Encapsulation Efficiency
The encapsulation efficiency (EE%) was determined using the Sephadex G-50 gel (Pharmcia) mini-column centrifugation-HPLC method. 32 A total of 100 μL CA4-18-L (100 μL)
was added into the Sephadex G-50 gel mini-column. The first two tubes of eluent were collected and diluted with methanol (5 mL) to destroy the liposome. The solution was filtered through a 0.22 μm membrane and the filtrate was analyzed through HPLC. CA4-6/10/14/16-L were assayed using the same method. The following formula was employed to calculate the EE% of liposomes.
C 0 represents the drug content prior to elution and C 1 represents the drug content after elution.
Stability Of Prodrugs Loaded In The Liposome
The short-term and accelerated physical stability of the prepared CA4 prodrugs loaded in the liposome were studied by evaluating the particle size and polydispersity index (PDI). In the short-term physical stability, CA4-6/ 10/14/16/18-L were placed in a desiccator with relative humidity at 50±5% at 25°C for 2 weeks. The samples were analyzed at predetermined time points (days 0, 7, and 14). For the accelerated physical stability, the formulations were centrifuged at 1000 rpm for 30 min, and the particle size and PDI were measured. 33 
In Vitro Release
In vitro release was evaluated using the bulk-equilibrium reverse dialysis bag technique. 33 The acylate CA4 are hydrophobic compounds; hence, the dissolution medium was composed of 20% ethanol, 5% Tween 80, and phosphate-buffered saline (pH 7.4). The medium was incubated in a 37±1°C water bath at a shaking speed of 100 rpm. Each of the CA4-6/10/14/16/18-L was directly placed into 250 mL of stirred sink solution. The dialysis bags (molecular weight cut-off: 12,000 kDa) containing 1 mL of the same sink solution were equilibrated with the sink solution for 12 h prior to conducting the experiments. At predetermined time points (2, 6, 12, 24 , and 48 h), the dialysate was removed and replaced with an equal amount of fresh medium to maintain the sink condition. The samples were filtered through 0.22 μm membrane and analyzed through HPLC.
In Vitro Conversion Assay
This experiment was performed to assay the percent conversion of prodrug-liposomes in rat plasma. Blank blood was collected from the orbital vein of SD rats and centrifuged for 10 min at 4,000 rpm to obtain the blank plasma. CA4-6/10/14/16/18-L and CA4P (200 μL) were separately added into 2 mL blank plasma and incubated in a 37±1°C water bath at a shaking speed of 180 rpm. At the designated time points, 100 μL samples were withdrawn and analyzed using HPLC.
In Vitro Cytotoxicity Assay
The Cell Counting Kit-8 assay was used to evaluate the cytotoxicity of CA4-6/10/14/16/18-L, free CA4P solution, and free CA4 in dimethyl sulfoxide solution in human breast adenocarcinoma MCF-7 cells, mouse sarcoma S180 cells, and human hepatocellular liver carcinoma HepG2 cells. The cells were seeded in 96-well plates (5×10 3 cells per well) in Dulbecco's modified Eagle's medium (containing 10% fetal bovine serum, 100 μg/mL streptomycin, and 100 IU/mL penicillin). Subsequently, the cells were incubated for 24 h in a humidified atmosphere of 5% CO 2 at 37°C. The medium was replaced with fresh growth medium with different concentrations (0.0025, 0.025, 0.25, 2.5, 25, 125, and 250 μM) of CA4. After 48 h of incubation, the medium was replaced with fresh growth medium containing 10% Cell Counting Kit-8. Following incubation for 1.5 h at 37°C, the absorbance was measured using a SpectraMaxplus microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm. The half-maximal inhibitory concentration (IC 50 ) was calculated using the SPSS (19.0) software. Subsequently, the relative cell viability (%) was calculated using the following Equation (2).
Cell viability % ð Þ ¼ ½ðAs À AbÞ=ðAc À AbÞ Â 100 %
As, Ac, and Ab represent the absorbances of the treatment, control, and blank groups, respectively.
In Vivo Pharmacokinetics
SD rats (male, weight: 180-200 g) were used to evaluate the pharmacokinetics of CA4P and CA4-6/10/18-L, which were used as positive control, as well as the representative of the short-chain acylate CA4, the medium-chain acylate CA4, and the long-chain acylate CA4. SD rats were fasted for 12 h prior to tail vein injection at drug-equivalent doses of 28 mg/kg CA4P. Blood samples were collected from the orbital vein at 2 min, 5 min,10 min, 15 min, 20 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 4 h, 6 h, and 10 h after injection. The blood samples were put in heparinized vials and centrifuged for 10 min at 4,000 rpm to obtain the plasma samples. Subsequently, the plasma samples were stored at −20°C until HPLC analysis.
In Vivo Antitumor Studies S180 cells (2×10 6 per mouse) were intraperitoneally inoculated into the KM mice to evaluate the therapeutic antitumor effects. The tumor volume was measured on days 1, 3, 5, 7, and 9. The volume was calculated using Equation (2) . Nine days later, the mice were sacrificed through cervical dislocation, and the S180 cells in mouse ascites were excised and diluted to a cell suspension of 10 6 cells/mL using sterile saline. Subsequently, 0.2 mL cell suspension was subcutaneously injected in the right flank of male KM mice (aged 6-8 weeks). Post inoculation, tumor-bearing KM mice were randomly divided into four groups (n=9), namely CA4P, CA4-10-L, CA4-18-L, and normal saline. CA4P was dissolved in sterile saline prior to the experiment. Saline, CA4P, CA4-10-L, and CA4-18-L were intravenously administered through the tail vein after 24 h of inoculation at drug-equivalent doses of 20 mg/kg of CA4. The drug was administered for 7 consecutive days. Animal weight was monitored every 2 days, and the mice were sacrificed through cervical dislocation after drug withdrawal for 2 days. The excised tumors were weighed and the tumor inhibition rate (TIR) was determined using Equation (3).
V, a, and b represent the tumor volume, longer tumor size, and shorter tumor size, respectively.
TW c and TW e represent the tumor weights of the saline and experimental groups, respectively.
In Vivo Biodistribution S180 tumor-bearing mice were used to investigate the biodistribution of CA4P, CA4-10-L, and CA4-18-L. The animal models were prepared as described in the section titled "In vivo antitumor studies". Tumor-bearing mice for 1 week were randomly divided into three groups (n=24) and received intravenous CA4P, CA4-10-L, and CA4-18-L at drug-equivalent doses of 28 mg/kg CA4P. At the designated time points (2 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h post injection; three mice per time point), tumors and major organs (hearts, kidneys, livers, spleens, and lungs) were excised and washed with saline. Subsequently, 0.1 g of each organ was homogenized with saline at a ratio of 1:4 (weight:volume) and the CA4 concentration in the different groups was assayed using HPLC.
Statistical Analysis
Data are presented as mean ± standard deviation. Student's t-test was used for comparisons between two groups, while one-way analysis of variance analysis (Student-NewmanKeuls q) was used for comparisons between multiple groups. All analyses were performed using the SPSS (19.0) (IBM Corporation, Armonk, NY, USA). A P<0.05 denoted statistical significance, while P<0.01 and P<0.001 denoted highly significant differences.
Results And Discussion

Synthesis And Identification Of CA4 Prodrugs
The physical properties of the synthesized CA4-6/10/14/ 16/18 are shown in Table 1 . The results of mass spectrometry, proton-NMR, and carbon-13-NMR analyses for the prodrugs are illustrated in supplementary information (Tables 1S-5S in supplementary). The data indicated that CA4 was successfully modified by the 18-carbon chain, 16-carbon chain, 10-carbon chain, and six-carbon chain to CA4-6/10/14/16/18.
Preparation And Characterization Of Liposomes
After modification with fatty acid, acylate CA4 exhibited better lipid solubility than CA4. Thus, the thin-film evaporation method was used to prepare liposomes, and the drugs were encapsulated in the liposome bilayer. The size distribution, zeta potentials, and encapsulation efficiency are presented in Table 2 . CA4-6/10/14/16/18-L all demonstrated high encapsulation efficiency (>95%). Hence, this design successfully increases the encapsulation efficiency of drugs compared with that noted for CA4 loaded in nanoagents. 34 The particle sizes of liposomes were 75-120 nm with an acceptable PDI. 35, 36 Nanoparticles with sizes ranging 70-200 nm demonstrated longer circulation time than free drug, and can accumulate in pathological sites with affected and leaky vasculature (ie, tumors, inflammations, and infarcted areas) via the EPR effect. 37 In addition, the surface charge can influence the stability of the liposome. 
Stability Of Prodrugs Loaded In Liposomes
The short-term stability of prodrugs loaded in liposomes was evaluated for 2 weeks. The particle size and PDI at days 0, 7, and 14 are presented in Table 3 . The formulations were homogeneous and there was no significant difference (P<0.05) in the particle size and PDI at days 0, 7, and 14, and after centrifugation. These results indicated that the CA4-6/10/14/16/18-L were stable. 39 
Drug Release And Conversion Behavior Assay
The release profiles of CA4-6/10/14/16/18 from CA4-6/10/ 14/16/18-L are represented in Figure 4A . As shown in the graph, there was no burst release during the first 4 h, and all drugs were released slowly. After 48 h, CA4-6 was almost completely released from CA4-6-L, while only 46.34%, 39.47%, 33.15%, and 25.96% of CA4-10/14/16/18, respectively, were released from liposomes. Obviously, the release rate was as follows: CA4-6-L>CA4-10-L>CA4-14-L>CA4-16-L>CA4-18-L. The results suggest that longer modified acyl chains for CA4 were associated with slower release rates CA4P and CA4-6/10/14/16/18 are all prodrugs of CA4, which need to be converted into the active compound CA4. Hence, we evaluated the percent conversion of CA4P and CA4-6/10/14/16/18-L in rat plasma. As shown in Figure 4B and supplementary data ( Figure 1S and Table 6S in supplementary), CA4-6-L and CA4-10-L were almost completely converted into CA4 after incubation in plasma for 15 min, whereas merely 40.41% of the CA4-18-L was converted after 48 h. This experiment indicates that all could be converted into CA4 in vivo. The rate of conversion in rat plasma was as follows: CA4-6-L>CA4-10-L>CA4-14-L>CA4P>CA4-16-L>CA4-18-L. These results were consistent with those of the in vitro release, indicating that longer modified acyl chains for CA4 were linked to slower conversion rates. Thus, in agreement with the above hypothesis, CA4-18-L may remain longer in vivo than other liposomes.
In Vitro Cytotoxicity
The cytotoxicity results for CA4-6/10/14/16/18-L, CA4P solution, and free CA4 solution are presented in Table 4 and Figure 5 . After 48 h, the IC 50 values of free CA4 against MCF-7, S180, and HepG2 cells were 0.004±0.002 μM, <0.001 μM, and 0.064±0.006 μM, respectively. These findings indicated that S180 cells are more sensitive to CA4 than MCF-7 and HepG2 cells. Obviously, all the CA4 derivatives were less active than CA4 against MCF-7, S180, and HepG2 cells. This may be attributed to the fact that prodrug derivatives are not activated until they are hydrolyzed into CA4. The IC 50 values were as follows: CA4<CA4-6-L<CA4-10-L<CA4-14-L<CA4-16-L<CA4-18-L. Figure 5A -C show the relative cell viability (%) of MCF-7, S180, and HepG2 at the CA4 concentration of 0.0025 μM. We observed a trend of increase in relative cell viability (%) with a decrease in the modified acyl chain. The results suggest that the shorterchain acylate CA4 exhibited greater cytotoxicity than longer-chain acylate CA4 at the same concentration. This may be due to the easier release from the liposome and hydrolysis into the active parent drug CA4 of the former versus the latter. The data indicated that the release of the active drug could significantly influence the in vitro cytotoxicity. The results were consistent with those of the prodrug release and conversion studies, demonstrating that the slower rate of drug release and conversion was associated with lower cytotoxicity.
In Vivo Pharmacokinetics Figure 6 shows the plasma concentration-time curve of drugs after treatment with CA4P and CA4-6/10/18-L. The results showed that the conversion of the short-chain CA4-6-L and the medium-chain CA4-10-L into CA4 was excessively rapid to be detected. However, the long-chain CA4-18-L remained longer in vivo and was slowly converted into CA4 in comparison with the other groups. Following injection (2 h), CA4P could not be detected, whereas CA4-18-L with slow drug release could be detected until 10 h later ( Figure 6A ). The obtained results were consistent with those of the in vitro drug release and conversion behavior studies, which indicated that slow drug release and conversion could induce a longer circulation time. Compared with CA4P, the drug -time area under curve (AUC) of CA4-18 was increased by 43-fold (P<0.001), and the clearance (CL) and V of CA4-18-L were markedly lower (P<0.01) ( Table 5 ). As mentioned above, CA4P is linked to undesired side effects, including the relatively short T 1/2 and wide distribution of the drug in vivo. The use of CA4-18-L significantly improves this pharmacokinetic parameters and characteristics. Figure 6B and Table 6 show the circulation time of CA4 converted from CA4-18-L, demonstrating a remarkable improvement compared with the other groups. Moreover, the AUC of the CA4-18-L group was 8.35-fold (P<0.001), 15.94-fold (P<0.001), and 15.64-fold (P<0.001) than those of the CA4P, CA4-6-L, and CA4-10-L groups, respectively. The CL and V of the CA4-18-L group were markedly lower than those of the other groups (P<0.01). The T 1/2 and mean residence time were significantly prolonged compared with those of the other groups (P<0.05), including the long average time of CA4 residence in the body. 40 The results revealed that slow release can increase the T 1/2 , mean residence time, and AUC 0-τ , and decrease CL and V of the parent drug. This indicates that the slower rates of drug release and conversion induce a significantly longer circulation time in vivo.
In Vivo Antitumor Studies
As shown in Table 4 , S180 cells are sensitive to CA4 with the lowest IC 50 . Hence, S180 tumor-bearing mice were established to evaluate the in vivo antitumor effects of the different CA4 derivatives. As demonstrated in the pharmacokinetics studies, there was no statistically significant difference in CA4-6-L and CA4-10-L after administration. Therefore, CA4P, CA4-10-L, and CA4-18-L were evaluated in this study. Table 7 displays the dose and TIR. The TIR of CA4P, CA4-10-L, and CA4-18-L (equal dosage) were 57.87%, 43.06%, and 94.44%, respectively. Figure 7 shows the excised S180 tumor ( Figure 7A ) and tumor weight ( Figure 7B ) on the last day of the experiment, as well as the tumor growth curves ( Figure 7C ). As shown in Figure 7 and Table 7 , all the treatment groups could significantly inhibit tumor growth (P<0.001) compared with the negative control group (saline). The CA4-18-L group exhibited favorable tumor suppression compared with the CA4-10-L and CA4P groups (both P<0.001). There was no statistically significant difference between the CA4-10-L and CA4P groups in terms of tumor suppression (P>0.05). As shown in Table 7 , it was obvious that the slow-drug-release CA4-18-L exerted a greater antitumor effect than the fast-drug-release CA4-10-L.
The results indicate that the rate of drug release and hydrolysis are related to the antitumor effect in vitro and in vivo. As the modified acyl chain for CA4 increases, the rates of prodrug release and the activated CA4 hydrolyzed from the prodrug derivatives are reduced. Therefore, the longerchain acylate CA4 exhibits lower cytotoxicity in vitro. On the contrary, they exert a greater antitumor effect in vivo, which may be attributed to the long-chain acylate CA4 was lipophilic compound and hydrolyzed slowly and has a longer circulation time in vivo. The short-chain acylate CA4 would be hydrolyzed into CA4 immediately after injection and remain as CA4 with lower lipid solubility, which is easy to eliminate from the body. Thus, the slow rate of drug release and conversion can prolong the circulation time in vivo, and consequently enhance the antitumor effect in vivo.
In Vivo Biodistribution S180 tumor-bearing mice were used to investigate the biodistribution of CA4P, CA4-10-L, and CA4-18-L. Figure 8 shows the tissue distributions of CA4P in the CA4P group and CA4 converted from CA4P, CA4-10-L, and CA4-18-L at different times post administration. Figure 8A shows that CA4P could be detected in the heart, liver, spleen, lung, kidney, and tumor, with a higher concentration recorded in the liver, spleen, and kidney. The results indicate that CA4P has a wide distribution in vivo and higher reticuloendothelial system uptake. The high level of CA4P in the kidney implied that CA4P can be rapidly cleared from the body. 41 Not surprisingly, CA4-10 could not be detected in the tissue due to the fast release and conversion. Of note, CA4-18 was detected only in the liver, which strongly correlated with its lower apparent volume of distribution (0.08±0.02 L/kg). Figure 8B shows the concentration of CA4 converted from CA4-18-L. CA4 was mostly distributed in the liver, spleen, and lung during the first 2 h, while the concentration of CA4 in the tumor demonstrated an increasing trend. CA4 had a higher concentration in the tumor at approximately 2 h, which was perhaps due to the slow drug release and the EPR effect of the liposome. Figure 8C and D show the similar distribution of CA4 converted from CA4P and CA4-10-L. CA4 was mostly distributed in the liver and could be rapidly cleared from the body. Figure 8E shows the concentration of CA4 converted from CA4P, CA4-10-L, and CA4-18-L in tumor tissue at different time points. The EPR effect of the long-circulating liposome may explain the slow elimination of CA4 converted from CA4-10-L and CA4-18-L versus that of CA4P in tumor tissue. 42 Furthermore, the AUC tumor value of CA4 converted from CA4-18-L (49.36±11.10 μg/(g·h)) was significantly higher than that obtained for the CA4-10-L group (2.24±0.41 μg/(g·h)) (P<0.001). This finding showed that the slow drug release increased the accumulation of active drug in tumor tissue and enhanced the antitumor effect. 41 Overall, these results demonstrated that CA4-18-L can increase the concentration of CA4 in tumor tissue at the equal dosage with the other groups owing to the slow drug release. CA4P, a vascular disrupting agent, effectively destroys the structural integrity of tumor vasculature. 43 However, its poor solubility in water limits the clinical application of this agent. CA4P was developed as the water-soluble prodrug of CA4 and is currently being investigated in phase II/III clinical trials. 21 Unfortunately, the limitations of this prodrug (ie, short T 1/2 and undesirable side effects) in normal organs need to be resolved. 18, 20, 22 The results of this research study indicated that the lipophilic prodrug could change the tissue distribution of the drug, prolong the biological T 1/2 , and improve the antitumor effect. Moreover, certain lipophilic prodrugs (eg, dexamethasone palmitate injection and clindamycin palmitate hydrochloride formulations) are commercially available. 44, 45 It can be concluded that the development of lipophilic prodrugs provides a promising platform for the use of CA4, and the CA4 lipophilic prodrug loaded in liposome carries potential for clinical application.
Conclusion
In this study, a series of CA4 prodrugs were used as model drugs to determine the influence of drug release on the pharmacokinetics, biodistribution, and antitumor effect. Lipophilic acylate CA4 prodrugs were synthesized and prepared as liposomes with high EE% (ie, small particle size and negative charge of approximately −50 mV). The results of the prodrug release and conversion behavior studies indicated that longer modified acyl chains for CA4 were associated with slower rates of drug release and conversion. The results of the in vitro cytotoxicity analysis on MCF-7, S180, and HepG2 cells indicate that CA4-18-L with the longest carbon chain exhibited less cytotoxicity than the other acylate CA4 prodrugs. On the contrary, in vivo, the long-chain acylate CA4 was more effective than the other acylate CA4 prodrugs. The in vitro and in vivo findings further support the hypothesis that the parent drug released or hydrolyzed from the prodrug could influence its efficacy, pharmacokinetics, and tissue distribution. Slow drug release prolongs the circulation time and increases the concentration of the drug in the tumor tissue. These effects play a critical role in enhancing antitumor efficacy. Particularly, it was found that CA4-18-L exhibited higher antitumor efficacy than CA4P which is currently being investigated in clinical trials. In summary, the synthesis of prodrugs with poor solubility and high toxicity is an effective strategy to improve their antitumor effect.
